Introduction

Structural Identification in General
Structural identification (St-Id) is a powerful tool that bridges the gap between constructed systems and the models used in their design and assessment. Although St-Id has attracted the attention of numerous researchers worldwide over the last several decades, it unfortunately has not experienced widespread adoption in practice. The ASCE Structural Engineering Institute Structural Identification of Constructed Systems Committee is seeking to reverse this trend by enhancing advocacy toward and promoting implementation of St-Id within the public and private sectors. The committee's first action on this front was the development of a comprehensive report that benchmarks the current state of the art in St-Id, with special attention to case studies of its successful implementation. To organize the diverse paradigm of St-Id, the committee adopted a six-step cycle that spans modeling through experimentation and ultimately to decision support. This forum paper overviews the report with the first six chapters dedicated to this cycle, as well as the report's closing two chapters dedicated to case studies that exemplify the implementation of St-Id to various buildings and bridges around the world.
The Case for Monitoring
The world's great buildings, bridges, and various other structures that form our civil infrastructure are not only powerful works of engineering but also a reflection of their settings and their era: the society, culture, economic power, and spirit of the people. The gifted masters like Gaudi, Roebling, Eiffel, and Sinan, along with countless unknown yet equally important engineers, have left legacies that still stand today. These structures have survived mainly because of their engineers' heuristics, experience, and creative geniuses. In this era, the necessity to deliver infrastructure in a timely and efficient manner drove extremely simplistic and idealistic models of constructed systems to permit analysis and design with limited resources and capabilities. Eventually, these practices driven by necessity formed the basis of many of our prescriptive codes. Although more sophisticated modeling approaches are available today, the same pressures to deliver infrastructure in a timely and efficient manner with limited resources often drives modern engineers to continue to opt for simplicity. One can argue that these approaches, when coupled with modern codes and standards and sound heuristic principles, have enabled experienced engineers to efficiently develop safe designs. However, the primary shortcoming of these approaches is their inability to accurately simulate the actual performance of constructed systems, which in turn necessitates considerable conservatism in the design process. More importantly, trends within the profession are testing the limits of this historical approach. Powerful modeling, analysis, and visualization tools have permitted free-form architecture of increasing complexity. Even for more traditional structural forms, the movement toward performance-based engineering and the need for highly optimized and efficient designs to maintain competitiveness in the global marketplace again challenges the overly simplified approaches of old. Moreover, interest in sustainability and the a priori consideration of life cycle costs implies the need to more seriously consider sophisticated modeling not only in the design of new systems but also in the retrofit, restoration, and preservation of aging urban infrastructure. Unfortunately, although such refined models have the ability to simulate behavior with more resolution, they require far more information to mitigate the influences of bias and yield reliable results. This understanding has resulted in a growing recognition for the need to correlate these models with experimental data, particularly in situ data from constructed systems.
Barriers to Adoption
Civil infrastructure is second only to health care in annual expenditures in the United States, and although the health care industry benefits from substantial corporate-sponsored research and development, much directed to the advancement of state-of-the-art diagnostics, the same sadly cannot be said for civil infrastructure. However, this trend is not resigned solely to the medical profession. The use of advanced diagnostic tools, embedded sensors, and condition assessment is commonplace in many other engineering applications, e.g., automobiles and aircraft. In these applications, structural identification (St-Id) serves an important role to bridge the gap between models used in design and the manufactured system by correlating these models with experimental observations/data and reliably assess performance. St-Id can be viewed as a mechanical or civil engineering application of system identification (Sys-Id), which originated in electrical engineering. The paradigm was first introduced in engineering mechanics by Hart and Yao (1977) and to civil-structural engineering by Liu and Yao (1978) . Decades of active research since these seminal papers have led to many advancements in hardware, software, and algorithms (Doebling et al. 1996 Farrar and Doebling 1998; Aktan et al. 1998; Farrar and Jauregui 1998; Farrar et al. 2003; Hudson 1970 Hudson , 1976 Ibanez 1979; Moon and Aktan 2006; Mottershead and Friswell 1993; Sohn et al. 2004; Gul and Catbas 2011) , yet there remain comparatively limited actual applications to constructed civil infrastructure.
Interestingly, it can be argued that civil infrastructure has far more to gain than other consumer manufactured goods that regularly use sensing to execute structural identification and condition assessment as part of their design and even operational life cycle. First, unlike many other engineered products, civil infrastructure products are unique, and their scale, complexity, and cost imply that prototyping, laboratory monitoring, and testing at full scale under controlled conditions cannot be used as part of the design process. As such, the only opportunity for our profession to advance its knowledge about the actual behavior of our products and the appropriateness of the assumptions, models, and approaches used in their design is to observe them in situ following construction. Second, in many countries, the attention is now focused on the deterioration of infrastructure systems and the challenges of its effective assessment and maintenance. Acknowledged limitations in the current inspection paradigm and the need for a risk-based prioritization plan for maintenance efforts (ASCE 2009 ) are all helping to motivate research into how technology can be more effectively leveraged to not only improve the performance and efficiency of civil infrastructure but also the means to effectively assess and maintain it.
With so much obvious motivation, why hasn't widespread adoption of St-Id for civil infrastructure been observed? Some have argued that hardware limitations are the root cause. However, recent advances in these areas, particularly in wireless sensing, have not yet been accompanied by a commensurate increase in applications. Others have argued that the cost of these systems, given the vastness of our civil infrastructure, the slim profit margins on projects, and the limited resources available for maintenance creates a substantial barrier as these systems cannot be installed permanently on all infrastructure requiring assessment. Although this may be valid, it still may not be the root cause. Literature on technology adoption affirms that shifts are only enabled by demonstrating to potential end users that there is a significant competitive advantage to be gained by moving to a new paradigm (Moore 2005) . To that end, potential end users in the public and private sectors remain skeptical about St-Id as they have yet to see compelling evidence that these systems can deliver as promised and improve their ability to design, maintain, or manage our civil infrastructure. This has been compounded by incidents when St-Id was errantly applied and yielded not useful or even erroneous condition assessments. Such a St-Id application not only erodes confidence but also presents potential sources of liability among the vary population once hoped to become strong advocates for St-Id on their projects. Thus, given the lingering skepticism surrounding St-Id, it became evident that its benefits and current state of the art needed to be assimilated and communicated more clearly within the wider civil engineering community.
Origins and Present Role of the Committee
In response to this need, the ASCE Structural Engineering Institute Performance of Structures Track established a technical committee on "Structural Identification (St-Id) of Constructed Systems," following the activities and final report of the Committee on Performance-Based Design and Evaluation of Constructed Systems, which unfortunately became inactive in 2002. Explicit in the reinstituted St-Id committee's charge was the focus on constructed civil engineering systems and not manufactured mechanical systems or laboratory models. This distinction is important, because the tools and technologies developed in the latter settings cannot be directly extended reliably to field applications on constructed systems. Therefore, one of the committee's key objectives is to develop guidelines for measurement standards and performance metrics to enable reliable field-calibrated analytical modeling and characterization of existing constructed systems. As such, the committee, informed by the draft report of its predecessor, began to assemble more recent literature, experiments, and case studies. The result of these efforts is a report entitled Structural Identification (St-Id) of Constructed Facilities: Approaches, Methods and Technologies for Effective Practice of St-Id (Catbas et al. 2013) and was submitted to ASCE in the spring of 2011 for publication. This report, which was edited by the authors of this paper and Dr. A. Emin Aktan of Drexel University, will be overviewed in the following sections.
State-of-the-Art Report
In the hopes of reducing the barriers to adoption noted previously, the primary objective of this report is to provide the engineering community with a broad overview of recent advances that are enabling reliable applications of St-Id to constructed systems. The committee's composition, which includes leading international experts in the field, ensured that the report reflects diverse experiences and applications worldwide. These experiences were tapped by the various committee members charged with leading specific chapters, as described shortly. One of the most important contributions of the report is a consensus definition and six step St-Id methodology for constructed systems (Fig. 1 ) that helps to underscore the inherent distinctions between constructed systems and their manufactured counterparts. The six steps require diverse disciplinary perspectives from civil, mechanical, and electrical engineering with expertise in the following:
• Analytical, numerical, and computational modeling;
• Field observation and measurement from actual constructed systems;
• Multiobjective constrained optimization for parameter identification;
• Analytical model evaluation and calibration; and
•
Asset management (applied systems analysis). As can be seen from the six steps, the understanding of diverse expertise is required for a complete St-Id. This requirement necessitates partnerships that cross organizational/institutional and disciplinary boundaries, which also is vital to deliver the successful applications necessary to penetrate adoption barriers. These steps therefore form the primary basis for the report's organization and are summarized briefly herein. Step 1: Drivers and Utility of Structural Identification Wide ranging applications involving the construction, operation, maintenance, or life cycle asset management of constructed systems may prompt the use of St-Id, examples of which are listed in Table 1 . This list demonstrates the value added by St-Id and thereby the necessity to encourage more applications. As Step 1 suggests, it is of course necessary to understand the specific motivation for St-Id to better guide the scope and objectives of the program and its subsequent design and implementation in later steps to insure that the effort generates the expected return on investment. An important challenge within this step is the art of observing and chronicling large constructed systems given that many critical details may not be observable or inferred from indirect measurements. This requires complete support and full collaboration from a facility's owners and managers and a full understanding of the operational demands and related constraints. These and other relevant considerations are presented in "Chapter 1: Structural Identification of Constructed Systems," overseen by Dr. Franklin Moon of Drexel University and the first author.
Step 2: A Priori Modeling of Constructed Systems for Structural Identification
The development of an a priori model in the early stages of the St-Id process is necessary to inform the design of the instrumentation and experimental program in Step 3. As there are wide ranging approaches to modeling, the methodology adopted will be dictated by the program objectives and the complexity of the structure being identified and should compare several modeling approaches or multiple models of varying size and complexity. The challenge lies in selecting the appropriate form, size, and level of detail for the model and subsequent experimental program in such a way that maximizes the utility of the final calibrated model with the least investment. Depending on the objectives of the St-Id, this a priori model may also then serve as the model calibrated through parameter identification later in Step 5, in which case a more refined a priori model may be required. Table 2 summarizes some of the important guidelines to better inform a priori modeling, which are detailed more fully in "Chapter 2: A Priori Modeling," similarly led by Dr. Moon and the first author.
Step 3: Experimental Considerations Experimentation on constructed systems for St-Id remains an emerging field of research, especially if controlled testing is desired. Instrumentation and, if required, loading/excitation mechanisms, data acquisition, data processing, communication, and archiving require highly specialized and multidisciplinary training and extensive heuristics. Equally important are detailed and accurate metadata on the experimental program. Historically, field experimentation mainly comprised of visual inspections, testing concrete cores, and steel coupons retrieved from a structure, and, under unusual circumstances, strain gauging. However, advances in sensors and hardware have dramatically expanded the pallet available options for measuring global and local responses and executing nondestructive evaluation (NDE). The contemporary experimental technologies available for St-Id are classified and summarized in "Chapter 3: Experimental Considerations," coordinated by Dr. James Brownjohn from the University of Sheffield, Dr. Kirk Grimmelsman from the University of Arkansas, and Dr. Hoon Sohn from KAIST/Carnegie Mellon University.
Step 4: Data Processing and Interpretation
The goal of parameter identification and ultimately model calibration is to reduce the uncertainty associated with a model's output. The most consequential aspect of this step in St-Id is the selection of an appropriate modeling approach, which inherently incorporates data processing and interpretation, often the extraction of dynamic properties, from experiments in the previous step. "Chapter 4: Data Processing and Direct Data Interpretation," led by Dr. Ian Smith of (École Polytechnique Fédérale de Lausanne), Dr. Chuck Farrar of Los Alamos National Laboratories, and Dr. Sohn, focuses on common • Designing structural modifications, retrofits or hardening caused by changes in use and/or for increasing system reliability
• Measurement-based delivery of a designbuild contract in a performance-based framework Deterioration, damage, reliability, evaluation
• Evaluation and mitigation of deterioration, damage, or other performance deficiencies
• Documenting in situ structural characteristics to serve as a baseline for assessing any future changes, caused by aging, deterioration, damaging events
• Evaluation of the reliability and vulnerability of a constructed system Operations, maintenance, and management
• Load-capacity rating for inventory, operations or special permits
• Health and performance monitoring for effective and proactive management of operations, inspections and maintenance
• Performance based asset management (based on life cycle benefit/cost) Improved understanding
• Advancing the knowledge base regarding how common classes of structural systems are actually loaded, their internal load paths, and their global or local response to these loads Table 2 . A Priori Model Development Number Considerations to enhance a priori modeling 1 Form/size/detail of model should be driven by program objectives, available information and heuristics about the constructed system, and its size and complexity as well as the experimental resources available for
Step 3 2 Start with simpler, greatly idealized phenomenological geometric models to help conceptualize a constructed system, together with the site, soil and foundations, and then gradually increase the detail and complexity of the model 3
Size and level of detail in selected model should be commensurate with uncertainty that prevails, making understanding and mitigation of epistemic uncertainty and leveraging heuristics essential 4
When uncertainty regarding behavior is significant, simple trial experiments may be conducted with a few roving sensors to aid in selection of appropriate a priori model and for designing complete experiment in Step 3 analytical modeling approaches (both physics and non-physicsbased), as well as their respective calibration procedures.
Step 5: Selection, Application, and Calibration of Physics-Based Models
Even with a sound model choice in Step 4, calibration proves to be one of the most challenging stages of St-Id. There have been examples of modifying parameters of a model until an error function, expressed in terms of the discrepancy between model predictions and experimentally measured properties of a system, is minimized. However, there are often too many model parameters and sparse experimental data, which lead to issues of nonuniqueness. When multiple parameter values or only a subset of parameter values achieve a similar level of correlation between the experiment and analysis, heuristic knowledge is needed to identify those parameter values that make the most physical sense or explain why less convincing correlation is observed in other parameter values. The challenge is in constructing and identifying models that are reliable and appropriate given the specific purpose(s) of the St-Id program, and this should be viewed as the joint responsibility of practicing engineers with management responsibilities and experts in experimentation and modeling. The latter offers applied mathematics and computational science expertise that is required to formulate and execute parameter identification as a constrained optimization problem, whereas the former brings the physical intuition and heuristic knowledge of the constructed system needed to evaluate the reliability and appropriateness of a calibrated model. "Chapter 5: Selection, Application and Calibration of Physics-Based Models," coordinated by Dr. Smith and Dr. Erin Bell of the University of New Hampshire, Dr. Masoud Sanayei of Tufts University, and Dr. Farrar, discusses some of the requirements for a calibrated model to be considered physically acceptable and appropriate for St-Id.
Step 6: Utilization of Structural Identification for Assessment and Decision-Making
As one of the primary barriers to adoption has been driven by a failure to consistently demonstrate the value added by St-Id to the community of practitioners and end users, this final step is essential to justify the investment in future applications of St-Id. Historically, most reported examples have been in the realm of research, often culminating with Step 4. As such, St-Id is viewed by practitioners as a largely academic exercise. Unless the importance of executing the comprehensive process embodied by Steps 1-6 is recognized and that Steps 1, 5, and 6 require as much effort, creativity, and intellect as Steps 2-4 is acknowledged, it will not be possible to move St-Id from the realm of research to a paradigm that is frequently applied in the practice of civil engineering. This implies the final step of properly leveraging a calibrated analytical model as a simulation tool to guide decision-making by evaluating the future performances of an existing constructed system at various points along its life cycle and potential strategies to improve that performance. Because 85% of civil engineering expenditures relate to renewal of existing constructed systems, engineers and decision makers will most likely have to increasingly rely on simulation-based management of the constructed environment, and as such, this vital final step of the St-Id cycle is reviewed more fully in "Chapter 6: Utilization of St-Id for Assessment and Decision Making," complied by Dr. Moon and Dr. Dan Frangopol of Lehigh University.
From Concepts to Applications
Although best practices and contributions from an extensive literature review are detailed in the first six chapters of the report, the most important message that can be communicated by this report to its target audience is the fact that these approaches have been applied successfully to a number of constructed systems. As such, the report closes with two appendixes of case studies that demonstrate the diversity of hardware, experimental programs, analysis techniques, and even challenges that are encountered as the readers of the report are directed from concepts to applications. The first, "Appendix 1: Case Studies-Structural Identification of Buildings," was coordinated by Dr. Kijewski-Correa and demonstrates applications to low-rise and high-rise structures and building substructures under a variety of excitations (Table 3) , expanding on earlier application reviews by the committee (Kijewski-Correa and Cycon 2007; Kijewski- Correa et al. 2008) . The second, "Appendix 2: Case Studies-Structural Identification of Bridges," was compiled by Dr. Catbas and presents applications for an array of bridge typologies and spans (Table 4) . 
Looking Forward
It is hoped that the publication of Structural Identification (St-Id) of Constructed Facilities: Approaches, Methods and Technologies for Effective Practice of St-Id, overviewed in this forum paper, will represent a first step in this committee's active mission to promote advocacy for and expand the adoption of structural identification on constructed systems. As has been demonstrated time and again, the uniqueness and uncertainties associated with constructed systems render their actual mechanical characteristics and performance parameters extremely difficult to predict in an a priori sense, affirming how little is truly known about the performance of actual constructed systems and further motivating the need for more field applications. It is important to continue to demonstrate to potential end users that St-Id can provide the decision support they need to design and maintain civil infrastructure and improve the community's ability to assess constructed system performance beyond the anecdotal observations that currently form the bases for judging the merits of designs. Now with this first step in place, future activities of the Structural Identification of Constructed Systems Committee will be directed toward organizing and coordinating research on laboratory benchmarks and more importantly actual constructed systems to demonstrate the value added by structural identification.
